The classic renin-angiotensin system is partly responsible for controlling 31 aldosterone secretion from the adrenal cortex via the peptide angiotensin II (AngII). In 32 addition, there is a local adrenocortical renin-angiotensin system that may be involved in 33 the control of aldosterone synthesis in the zona glomerulosa (ZG). In order to 34 characterize the long-term control of adrenal steroidogenesis, we utilized adrenal glands 35 from renin knockout (KO) rats and compared steroidogenesis in vitro and steroidogenic 36 enzyme expression to wild-type (WT) controls (Dahl S rat). Adrenal capsules (ZG; 37 aldosterone production) and subcapsules (zona reticularis/fasciculata [ZFR]; 38 corticosterone production) were separately dispersed and studied in vitro. Plasma renin 39 activity and angiotensin II concentrations were extremely low in the KO rats. Basal and 40 cAMP-stimulated aldosterone production was significantly reduced in renin KO ZG cells 41 whereas corticosterone production was not different between WT and KO ZFR cells. As 42 expected, adrenal renin mRNA expression was lower in the renin KO compared to the 43 WT rat. Real-time PCR and immunohistochemical analysis showed a significant 44 decrease in P450aldo (Cyp11b2) mRNA and protein expression in the ZG from the renin 45 KO rat. The reduction in aldosterone synthesis in the ZG of the renin KO adrenal seems 46 to be accounted for by a specific decrease in P450aldo, and may be due to the absence of 47 chronic stimulation of the ZG by circulating AngII or to a reduction in locally-released 48
chronic stimulation of the ZG by circulating AngII or to a reduction in locally-released
INTRODUCTION 50
Aldosterone is synthesized in the zona glomerulosa of the adrenal gland and is 51 stimulated by angiotensin II (AngII), ACTH, and potassium (5; 8; 25) . Aldosterone is 52 critical in the control of renal sodium and potassium excretion. The classic renal renin-53 angiotensin-aldosterone system (RAAS) is well known as a major regulator of sodium 54 and potassium balance. However, it has been known for decades that the adrenal cortex 55 also expresses a local RAAS that operates independently of the renal RAAS (2; 7; 9; 14; 56 16; 26; 28) . One theory is that adrenal renin-generated angiotensin II mediates the zona 57 glomerulosa response to increases in plasma potassium, and this is mediated by 58 expression of the angiotensin AT 1 receptor (5; 9; 14; 26; 29) . 59
The development of the renin knock-out (KO) rat provides a unique opportunity 60 to begin to evaluate these phenomena (13). In the current study, we have begun this 61 process by evaluating the aldosterone and corticosterone response to cAMP in vitro by 62 aldosterone was measured by direct radioimmunoassay (20) The minimum detectable 96 limit for the serum aldosterone assay was 7.6 pg/ml; the intra-and interassay CVs were 97 1. 8% and 5.7%, respectively) . 98
Adrenocortical steroid synthesis in vitro 99
Adrenal steroidogenesis was assessed by measurement of basal and cAMP-100 stimulated (maximal stimulation) aldosterone release from dispersed capsular (primarily 101 ZG) cells, and basal and cAMP-stimulated corticosterone release from dispersed 102 subcapsular (primarily ZFR cells), as described previously (3; 19). Briefly, tissue was 103 digested with 4 mg/ml collagenase Type IV (Worthington Biochemical) in Krebs-HEPES 104 buffer for 45 min on a shaker bath at 37 ºC. Cells were then prepared in fresh buffer, 105 counted using a hemocytometer, and diluted to a final concentration of 100,000 cells/ml 106 as described previously (3; 19). Cells were incubated for 2 h on a shaker bath at 37 ºC, in 107 the presence or absence of dibutyryl-cAMP (0.01 mM, 0.1 mM, and 1.0 mM, samples run 108 in triplicate). Following the incubation, cell suspensions were centrifuged at 4 ºC and 109 supernatants were immediately frozen and stored at -20 ºC. Aldosterone and 110 corticosterone accumulation was assessed with laboratory-developed radioimmunoassays 111 (3) . To account for different cell yields between preparations, data from each 112 experimental day was normalized as a percent of basal steroidogenesis in adrenal cells in 113 the WT control (no cAMP). 114
Adrenal mRNA expression 115
Essential elements of the adrenal steroidogenic pathway were evaluated by real-116 time PCR (4). Total RNAs from capsules (ZG) and subcapsules (ZFR) were isolatedof 20 µl consisted of 1X RT Buffer, 1X RT Enzyme mix, and 5 ng of previously isolated 122 RNA. The concentration of cDNA was quantified using a Nanodrop 2000 and all cDNA 123 synthesis reactions were diluted to 20 ng/µl in molecular biology grade water. Real-124 time PCR was performed using the Taqman® Gene Expression Master Mix (FAM 125 fluorophore) and pre-made primers and probes (Table 1) System using the following thermal cycler conditions: 95 ºC for 10 min, and 40 cycles at 136 95 ºC for 15 sec and 60 ºC for 1 min. Samples were assayed in triplicate. Gene 137 expression was quantified by obtaining the number of cycles to reach a predetermined 138 threshold value in the intensity of the PCR signal (C T value). Rpl19 was used as the 139 housekeeping gene for Taqman real-time qPCR for all mRNAs except for Ren, for whichAdrenals (N=6) from WT and renin KO rats were processed to assess the 144 expression of P450 aldosterone synthase (P450aldo; a marker of the ZG) and P450 11β-145 hydroxylase (P45011β ; a marker of the ZFR) using immunofluorescence histochemistry 146 as described previously (30). Frozen adrenals were sectioned (25 µm) and sections were 147 incubated overnight with primary antibodies directed against P450aldo (1:100; rabbit 148 host) and P45011β (1:125; sheep host) that were generously supplied by C. Sanchez, University of Mississippi Medical Center. After overnight incubation, sections 150 were incubated with secondary antibodies (donkey anti-rabbit Alexa 488 (Molecular 151 Probes) and donkey anti-sheep Cy3 (Jackson Immunoresearch) for 1 h, rinsed and cover-152 slipped in aqueous mounting media (Vectashield). Optical images were collected using a 153 fluorescence microscope (Leica DM4000B) using equivalent exposure times for all 154 adrenal sections, followed by overlapping using Adobe Photoshop CS5.1. 155
Statistical Analyses 156
Data from each in vitro experiment were normalized and calculated as percent of 157 1.1 ng/ml/hr and 58.1 ± 10.5 pg/ml (N=6 for each mean ± sem), respectively, and <0.28 164 ng/ml/hr and <1.7 pg/ml, respectively, in the renin KO rats (below the detection limits of 165 each assay). Although statistical significance was not reached, there was a trend towards 166 a decrease in serum aldosterone concentrations in the renin KO rats (254 ± 28 pg/ml) 167 compared to WT (323 ± 82 pg/ml; P=0.14; N=6 for each mean ± sem;). Serum sodium 168
was not different between WT (137.1 ± 0.4 mmol/L; N=4) and renin KO (137.0 ± 0.5 169 mmol/L; N=8) rats. Serum potassium was significantly increased in renin KO (6.5 ± 0.5 170 mmol/L) rats compared to WT (4.8 ± 0.2 mmol/L; P < 0.005). 171 No other components of the steroidogenic pathway showed changes in mRNA 181 expression. Ren mRNA expression in adrenals from Sprague-Dawley (SD) rats was alsoglomerulosa, and the intervening zona intermedia was devoid of P45011ß and P450aldo 189 labeling (30). However, in comparison to adrenals from wild type rats, the expression of 190 P450aldo was markedly reduced (but not absent) in the majority of renin KO rats (5 of 6). 191
Since only a few P450aldo labelled cells could be identified in most renin KO adrenals, 192 the loss of renin resulted in reduced expression of the glomerulosa cell phenotype. 193 194 DISCUSSION 195 This study evaluated adrenocortical function and steroidogenic pathway gene 196 (mRNA) and protein expression in adrenal glands from renin KO rats compared to their 197 WT background (Dahl S rats). We found that plasma renin activity and angiotensin II 198 concentrations were unmeasurable in the KO rat, but that the KO rat was able to generate 199 a significant serum aldosterone level under isoflurane anesthesia and after laparotomy. 200
The KO rats were normonatremic, but did exhibit hyperkalemia. The production of 201 aldosterone in vitro from ZG cells in response to stimulation with cAMP was 202 significantly attenuated, but still present, in the adrenal glands from KO rat. The 203 corticosterone response from ZFR cells was unaffected in the KO rat compared to the 204 WT controls. There was a dramatic decrease in the expression of Cyp11b2 mRNA and 205
P450aldo protein in the ZG of the renin KO adrenal. 206 There are two plausible explanations for the biochemical, mRNA expression, and 207 morphological results. The first is that adequate, chronic concentrations of circulatingplasma angiotensin II are required for the normal development and expression of 209 aldosterone synthase activity in the rat adrenal. This is supported by studies showing a 210 decrease in aldosterone production and P450aldo expression with decreased stimulation 211 of the adrenal gland by circulating plasma angiotensin II (8; 14; 15; 17) . 212
The second is that the local expression of adrenal renin is required for normal 213 zona glomerulosa function (7; 9; 10; 14; 16; 26; 28; 29; 31) . One of the theories is that 214 local generation of adrenal angiotensin II mediates the zona glomerulosa response to 215 increases in potassium, and that this is mediated by AT 1 -type angiotensin receptors (14; 216 26; 29). It is interesting to note, however, that the expression of AT1a and AT1b mRNAs 217
was not altered in the renin KO rat. 218
These results are consistent with our finding of hyperkalemia in the renin KO rats. 219
The serum potassium concentrations in the WT controls agree with previous results in the 220 same animal model (24). In fact, one could consider the renin KO rat a model of 221 hyporeninemic relative hypoaldosteronism (6). Regardless of which mechanism is 222 correct, it is clear that corticosterone synthesis in the ZFR is not dependent on either 223 circulating plasma angiotensin II or adrenal renin expression. This confirms that 224 circulating ACTH is the primarily controller of ZFR function (18; 20) . 225
It is interesting to note that the WT rat had lower renin mRNA levels in the 226 adrenal compared to the outbred Sprague-Dawley rat. Future experiments are warranted 227 to compare and contrast the adrenal RAAS between different outbred and inbred strains 228 of rats. 229
One interesting finding was that, despite unmeasurable plasma angiotensin IIexplained by the fact that the blood was obtained from the abdominal aorta after 232 laparotomy under isoflurane anesthesia, and the rats were likely stressed by the blood 233 sampling (18; 27). The serum aldosterone levels may represent maximal ACTH-234 stimulated aldosterone release as well as the extant hyperkalemia utilizing the reduced 235 remaining P450aldo expression in the adrenal gland. The ability to produce aldosterone 236 despite decreased P450aldo expression is similar to the effect of chronic administration of 237 late-pathway enzyme inhibitors during which, because of the closed-loop nature of 238 feedback control, substrate levels for the inhibited enzyme are increased leading to 239 "break-through" of the enzyme blockade (1; 12; 22). 240
Perspectives and Significance: The global absence of normal renin expression in 241
the rat leads to a marked decrease in the ability to synthesize aldosterone in vitro. This 242 seems to be due to a specific attenuation of the expression of the late-pathway enzyme 243 aldosterone synthase in the zona glomerulosa. This suggests that the lower basal blood 244 pressure in the renin KO rat (13) may be due, in least in part, to the decrease in 245 steroidogenesis in the zona glomerulosa. It is possible that therapy targeted to the 246 adrenal renin-angiotensin-aldosterone system may prove useful in the management of 247 
